Mutations of the RET proto-oncogene are found in the majority of patients with the inherited cancer syndrome multiple endocrine neoplasia type 2 (MEN 2). A minority of cases, however, have no detectable RET mutation and there is considerable phenotypic variation within and among MEN 2 families with the same RET mutation, suggesting a role for other loci in this disease. A candidate for such a gene is glial cell line-derived neurotrophic factor receptor alpha 4 (GFRA4), which encodes a cell surfacebound co-receptor (GFRa4) required for interaction of RET with its ligand persephin. The GFRA4 gene has multiple alternative splices leading to three distinct protein isoforms that are prominently expressed in thyroid. We postulated that mutations of GFRA4 contribute to MEN 2 in the absence of RET mutations or modify the RET mutation phenotype. We screened patients with MEN 2 or MEN 2-like phenotypes, with and without RET mutations, for variants of GFRA4. We identified 10 variants, one of which was over represented in, and two of which were found exclusively in, our patient populations. One of these was a single-base substitution upstream of the GFRa4 coding region, where it may alter gene expression. The second was a 7 bp insertion, which results in a change in reading frame for all three GFRa4 isoforms. This would cause a relative shift in membrane bound and soluble forms of GFRa4, which would significantly alter the formation of RET signalling complexes. Our data suggest a model of wild-type GFRa4 isoform expression that includes both activating and inhibiting co-receptors for RET.
The RET receptor tyrosine kinase is required for development of neural crest derived lineages, and of kidney. Activating germline mutations of RET give rise to multiple endocrine neoplasia type 2 (MEN 2), an inherited cancer syndrome characterized by medullary thyroid carcinoma (MTC), a tumour of thyroid C-cells (Hansford and Mulligan, 2000) . MEN 2 has three subtypes. Familial medullary thyroid carcinoma (FMTC) is associated only with MTC, and generally has a later disease onset and a less aggressive disease course. MEN 2A is characterized by MTC, pheochromocytoma (PC) and hyperparathyroidism (HPT). Finally, MEN 2B is associated with MTC, PC, and developmental anomalies, and has a generally earlier disease onset and poorer prognosis. More than 95% of MEN 2 families have detectable RET mutations that result in inappropriate activation of the RET receptor (Hansford and Mulligan, 2000) . However, there remains a proportion of MEN 2 families or MEN 2-like families in which RET mutations have not been identified, suggesting that other genes contribute to the MEN 2 phenotype in these individuals. Further, even within families with a specific RET mutation, there is considerable variation in age of disease onset and tumour types observed, which suggests that other, modifying loci may contribute to the expression and severity of the disease. Susceptibility alleles or haplotypes at the RET locus have been associated with increased risk for sporadic MTC and may also play a role in age of MEN 2 disease onset (Wiench et al., 2001; Gil et al., 2002) , although other MEN-2 modifiers have been harder to find.
Candidate modifying genes have included RET ligand and co-receptor molecules. The RET ligands are the glial cell line-derived neurotrophic factor (GDNF) family ligands (GFL), GDNF, artemin, neurturin, and persephin (Airaksinen et al., 1999) . GFLs do not interact directly with RET but first bind the GDNF receptor alpha (GFRa) proteins, co-receptors having no intracellular or transmembrane domains, that are linked to the cell surface by glycosylphosphatidylinositol (GPI)-linkage (Airaksinen et al., 1999) . Four members of the GFRa family have been identified, GFRa1-4, each of which forms high affinity interactions with a specific GFL. Each of the GFRa family members has a unique tissue-specific and developmentally regulated expression pattern that suggests each has a distinct cell type-specific role in RET-activation (Baloh et al., 2000) . Consistent with their common role in binding and activation of the RET receptor, the GFRa family members are closely related, sharing 30-45% sequence identity (Airaksinen et al., 1999) as well as similar gene structure .
GFRa4, the RET co-receptor for the GFL persephin (PSPN), is highly expressed in thyroid C-cells and in MTC (Lindahl et al., 2000; Masure et al., 2000) . These observations suggested that GFRa4 might play a role in development of MTC tumours in the context of MEN 2, and that mutations of this locus might also contribute to MEN 2 phenotypes. In this study, we have characterized the human GFRA4 locus and predicted protein isoforms. We investigated the possibilities that GFRa4 could act as a modifier of phenotype in RET-mutation positive MEN 2 patients, or that GFRa4 variants might contribute to an MEN 2-like phenotype in the absence of RET mutations.
We first compared existing cDNA and genomic DNA sequences to confirm the exon structure of human GFRA4 and compared this to those of mouse and rat ( Figure 1a ). GFRA4 has six coding exons that undergo alternative splicing to generate three variants (a, b, and c) in mouse and human but only two (a, b) in rat (Lindahl et al., 2000 (Lindahl et al., , 2001 Masure et al., 2000) . In humans, introns 2, or 2 and 3, may form part of the GFRA4 coding sequence and exons 3 and 4 can be read in multiple reading frames, while a cryptic splice acceptor site in intron 3 can result in inclusion of an 11 bp sequence (exon 4b) in some transcripts (Figure 1) . The three human GFRa4 transcripts and isoforms generated are referred to as WTa, WTb, and WTc (Figure 1b) . Alternatively spliced forms of exon 1, reported in mouse and rat, and a transmembrane form of the protein reported in mouse, are not encoded by the human gene.
We next investigated the GFRA4 locus for sequence variants in a panel of 103 patients, and in a control population, by single-strand conformation polymorphism analysis (SSCP) . To assess whether GFRA4 mutations might act independently of RET or as modifiers of RET-mutation phenotypes, we divided our patient population into patients with MEN 2 who had a known RET mutation (RET þ ve) and patients with a MEN 2-like phenotype but no identified RET mutation (RET Àve). This latter group included individuals with a clinical diagnosis of MEN 2, or with multiple MEN 2 related tumours, but without any RET mutation after rigorous screening, and members of families with no RET mutations but with C-cell hyperplasia and fewer than three MTC that did not fit the stringent criteria for FMTC. Finally, a group of MTC tumours were analysed for the occurrence of somatic GFRA4 mutations.
A total of 10 sequence variants were identified, eight of which were found in either our control population alone or in both control and patient populations (Table 1; Figure 1a ). Only the c.799G>A variant resulted in an amino-acid substitution (Ala267Thr) in the longest (WTa) GFRa4 isoform alone, three others being silent changes and the remaining four variants detected in the 5 0 and 3 0 UTR of GFRA4 (Table 1 ; Figure 1a ). The described variants are not predicted to alter splicing, expression, or stability of GFRA4 transcripts. The frequencies of each variant were similar in control and overall patient populations; however, the frequency of the c.867G>A variant differed significantly between the RET mutation-negative and control populations (P ¼ 0.025, Fisher's exact test) ( Table 1) . The variant c.899A>G also had a tendency to differ in frequency between these populations, although the difference was not significant (P ¼ 0.098). Our data suggest that the c.867A allele, and possibly the c.899A allele, are under represented in our RET mutationnegative patient population, as compared to either controls or our RET mutation-positive population. To determine whether the association of these alleles with MEN 2 represented the affect of a specific risk haplotype, we reconstructed haplotypes using the relative genotypic data for the four variants in exon 5 and the 3 0 UTR (Table 2) . Although we could not confirm differences in haplotype distribution in our relatively small sample set (P ¼ 0.24), we found that haplotypes containing the CAA alleles for variants in the 3 0 UTR tended to be under-represented in the RETve group (P ¼ 0.07), suggesting that the TGG haplotype may be associated with an increased risk of an MEN 2-like phenotype in the absence of RET mutations. We saw no significant association of GFRA4 alleles with disease phenotype in our RET þ ve population, perhaps reflecting the fact that the stronger phenotypic effect of known RET mutations could mask the milder effects of GFRa4 haplotype (ie GFRa4 haplotype does not provide a detectable additive risk in these cases).
Two variants were detected exclusively in our patient panel. The first, À52C>T, which lies 52 bp upstream of the GFRa4 translation start site (Figure 1a ), was Nucleotide sequence position is indicated relative to the full-length, fully spliced GFRA4 transcript (WTa). b Sequence surrounding the polymorphic position (indicated in bold and underlined). In the case of the insertion, the bases between which the insertion occurred are indicated. Lower case indicates noncoding sequences.
c Frequency ¼ the frequency of the rare allele in the indicated population. d P-value for comparison of allele frequencies in control with either our RET mutation positive (RET +ve) or RET mutation negative (RET Àve) patient population (Fisher's exact test). NS ¼ not significant (Hansford et al., 2001) suggests that this variant lies within the GFRA4 proximal promoter and could thus affect gene transcription. Interestingly, Gimm et al. (2001) have shown that a similarly positioned variant in GFRA1 is over represented in sporadic MTC and increases both GFRa1 RNA and protein levels in tumours. The GFRA4 À52C>T variant may also alter GFRa4 expression, thereby allowing increased RET signalling.
We detected a seven base pair insertion (GCGCCCC) in exon 3 in a patient with a known RET mutation of codon 804 (V804L). This frameshift mutation would alter the coding sequence of all three GFRa4 isoforms. Patient SC (II-1 in Figure 2a ) in Family C presented with multifocal MTC and C-cell hyperplasia at age 54 but with no other clinical features. Her mother (I-1) who had been diagnosed in her seventh decade with multifocal, bilateral MTC, and subsequently died of unresectable metastatic disease, also had both the GFRA4 insertion and the V804L RET mutation. The GFRA4 insertion was not found in the unaffected son (III-1) who does not have the RET mutation ( Figure  2a-c) .
Mutations at RET codon 804 are primarily found in families with MTC alone, without other MEN 2 disease phenotypes (Lombardo et al., 2002) . The V804L mutation has been linked to a late age of disease onset (fourth and fifth decades or later) and less aggressive disease course in some families, but early onset disease and early metastases in others (Shannon et al., 1999; Feldman et al., 2000; Frohnauer and Decker, 2000; Lombardo et al., 2002) have suggested that genetic modifiers that exacerbate the effect of the V804L mutation may exist. In Family C, the co-occurrence of RET V804L and the GFRa4 insertion did not appear to affect age of disease onset but may have contributed to a more aggressive disease course. The nature of the mutation detected in patient SC suggested the possibility of germline inactivation of a GFRA4 allele, which might indicate that GFRa4 acts as a tumour suppressor in MTC. To test this, we screened 23 paired normal and MTC tumour samples, including both sporadic and familial tumors, for variants of GFRA4 and for deletion of the surrounding 20p13 region. No additional variants were detected in GFRA4 (Table 1) . We next used a panel of four microsatellite markers spanning the 20p13 region close to, and flanking, the GFRA4 locus. We identified partial loss of one allele at all informative loci in tumour DNA from one individual with a known RET mutation (not shown), consistent with previous studies showing that allele loss on chromosome 20 is rare in MTC (Mulligan et al., 1993) . Interestingly, GFRA4 lies on chromosome 20p in a region at one time implicated in MEN 2, based on cytogenetically detectable interstitial deletions found in some families Van Dyke et al., 1984) . It is intriguing to speculate that such deletions could have involved the GFRA4 locus and that these early cytogenetic data may have recognized the location of a MEN 2 modifying locus.
In order to characterize the mechanism by which the 7 bp GFRA4 insertion might contribute to RETassociated phenotypes, we first investigated the predicted protein structures of wild-type GFRa4 (WTa, WTb, WTc) and then compared them to the SC mutants (SCa, SCb, SCc). Translation of all alternatively spliced wild-type GFRA4 mRNA forms (Figure 1b ) results in three distinct protein isoforms that share the first 131 amino acids (Figure 3 ). WTa and WTb have a putative GPI-cleavage site, suggesting they are cell surface bound proteins. WTc has a unique C-terminal hydrophobic sequence that also contains a possible GPI-cleavage site (Figure 3) , and it is unclear whether this isoform is also GPI-anchored, or whether WTc is soluble. Secondary structure predictions show that GFRa1-3 proteins comprise three well-conserved cysteine-rich globular domains (Airaksinen et al., 1999) . All GFRa4 isoforms lack the first cysteine-rich domain found in these proteins. The WTa isoform is most similar to other GFRas, containing two cysteine-rich domains, spanning seven alpha helices, and the conserved GPI-linkage (Figure 3) , and has been shown to bind both RET and its soluble ligand PSPN and to stimulate RET phosphorylation and survival of neuronal cell types (Enokido et al., 1998; Masure et al., 2000; Lindahl et al., 2001) . Compared to WTa, WTb lacks helices 4 and 5 (Figure 3 ) and has an odd number of cysteine residues that would result in an unpaired residue, potentially available for novel interactions. WTc contains only the first three helices and has no significant additional structural motifs. Like the WT proteins, all SC isoforms would share three conserved alpha helices in their N-terminal cysteine-rich domain but SCa and SCb would be truncated, resulting in short soluble proteins without hydrophobic C-terminal sequences that would not be membrane bound. The SCc isoform encodes helices 1 to 3 and also C-terminal sequences Figure 3 Alignment of predicted wild type and variant SC isoform sequences based on multiple alignment algorithms. Predicted signal sequences and GPI-signal peptides are underlined and GPI-cleavage sites are shown in outline. Cysteines are shaded. We identified seven conserved alpha helices, with high reliability (boxed). A dotted box indicates position of the SC insertion mutation. Hydrophobic and positively charged residues critical for GFL binding (Scott and Iba´n˜ez, 2001 ) are shown in bold including helices 6 and 7 and the terminal hydrophobic sequences and GPI-cleavage site found in WTa, but helices 4 and 5 would be absent, and an additional helix not found in other GFRa4 isoforms would incorporate novel interstitial sequences (Figure 3) .
In other members of the GFRa family, the regions important for binding GFLs correspond to both helices 1 and 7 of GFRa4 (Scott and Iba´n˜ez, 2001) . Particularly important are hydrophobic and positively charged residues corresponding in GFRa4 to amino acids 83-86 (LLF) and 95-98 (RRR), respectively (Figure 3) . Sequences important for RET binding span helices 1-5, but it is likely that the critical region is even more limited. Although the residues in GFRa4 critical for interaction with RET and PSPN have not been specifically identified, it seems likely that WTb and WTc will not have the same interactions and binding affinities for these molecules as does WTa. If we can extrapolate from the sequences required for GFL and RET binding in other GFRa family members, we might predict that neither WTb nor WTc are able to bind both PSPN and RET efficiently. WTb retains N-and C-terminal helices important for GFRa : GFL interactions and may therefore be able to bind PSPN, with or without RET (Figure 3) . WTc lacks some of the sequences, including the C-terminal alpha helices, which are critical for GFL binding in other GFRa proteins and may thus actually bind RET but not PSPN. Although RET activation generally requires preassociation of GFRa and GFL to form a complex that subsequently binds RET, the association of RET and GFRa alone also occurs with lower efficiency (Sanicola et al., 1997; Trupp et al., 1998) . Thus, WTb and/or WTc may act as negative regulators of RET activation by binding either RET or PSPN and sequestering them, thereby preventing formation of full tripartite complexes.
If, as we predict, GFRA4 encodes a combination of activating and 'blocking' isoforms, the mutation observed in Family C could contribute to the observed disease phenotype by either altering the balance between isoforms, by disabling normal isoform function, or by generation of novel isoform function. The 7 bp insertion identified in patient SC would significantly disrupt the GFRa4 protein structure of all three isoforms (Figure 3 ). SCa and SCb lack the alpha helices required for PSPN binding, would not form GPI-attachments to the cell membrane, and would thus have limited ability to bind RET. SCc retains both N-and C-terminal alpha helices and the GPI-linkage found in WTa and could conceivably form both PSPN and RET interactions. As a result, SCc may act as an activating isoform, while SCa and SCb diffuse from the cell surface and do not sequester RET or ligand to inhibit RET signaling.
Interestingly, Lindahl et al. (2001) have shown that GFRa4 isoforms have tissue-specific differences in relative expression levels. In normal thyroid, isoforms WTb and WTc are relatively highly expressed in comparison to WTa. This is consistent with the predicted low level requirements for active RET signaling in maintenance of normal thyroid C-cells (Avantaggiato et al., 1994; Nakamura et al., 1994) , which could be achieved by low levels of the high efficiency activating receptor WTa, and higher levels of the low efficiency or inhibitory receptors, WTb and WTc. In MTC tumours, there is almost no isoform WTc but relatively high levels of WTa and WTb (Lindahl et al., 2001) which, in our model, would result in increased relative levels of activating or high efficiency receptor and increased RET signaling. Conversely, the relatively higher levels of the SCc isoform, which we predict is activating, would shift the relative ratio of inhibitory and activating isoforms to better favour RET activation, promoting C-cell proliferation at an early stage of tumorigenesis. Coupled with the V804L mutation in Family C, the result may be more sustained RET signaling, contributing to increased cell proliferation and tumorigenesis.
In this study, we have developed a novel model for GFRa4 function, which provides a potential explanation for the expression of different GFRa4 isoforms and describes a novel mechanism for regulation of RET signalling. Further, we have shown that risk haplotypes and variants of GFRa4 may be associated with an increased risk of MEN 2 phenotypes in the absence of RET mutations or as a modifying effect in the presence of some RET mutations with lower transforming potential. Our data are consistent with a low penetrance modifying effect of GFRa4 on MTC development.
